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reduces seizure-induced increases of P-glycoprotein
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ABSTRACT: The cause of antiseizure drug (ASD) resistance in epilepsy is poorly understood. Here, we focus on the
transporter P-glycoprotein (P-gp) that is partly responsible for limited ASD brain uptake, which is thought to con-
tribute to ASD resistance. We previously demonstrated that cyclooxygenase-2 (COX-2) and the prostaglandin E
receptor,prostanoidEreceptorsubtype1,are involvedinseizure-mediatedP-gpup-regulation.Thus,wehypothesized
that inhibiting microsomal prostaglandin E2 (PGE2) synthase-1 (mPGES-1), the enzyme generating PGE2, prevents
blood-brain barrier P-gp up-regulation after status epilepticus (SE). To test our hypothesis, we exposed isolated brain
capillaries to glutamate ex vivo and used a combined in vivo–ex vivo approach by isolating brain capillaries from
humanized mPGES-1 mice to study P-gp levels. We demonstrate that glutamate signaling through the NMDA
receptor, cytosolic phospholipase A2, COX-2, and mPGES-1 increases P-gp protein expression and transport activity
levels. We show that mPGES-1 is expressed in human, rat, and mouse brain capillaries. We show that BI1029539, an
mPGES-1 inhibitor, prevented up-regulation of P-gp expression and transport activity in capillaries exposed to glu-
tamate and in capillaries from humanized mPGES-1 mice after SE. Our data provide key signaling steps underlying
seizure-inducedP-gpup-regulationandsuggest thatmPGES-1 inhibitorscouldpotentiallypreventP-gpup-regulation
inepilepsy.—Soldner,E.L.B.,Hartz,A.M.S.,Akanuma,S.-I.,Pekcec,A.,Doods,H.,Kryscio,R. J.,Hosoya,K.-I.,Bauer,
B. Inhibition of humanmicrosomal PGE2 synthase-1 reduces seizure-induced increases of P-glycoprotein expression
and activity at the blood-brain barrier. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Over 70 million people worldwide suffer from epilepsy (1).
Approximately 30–40% of patients have uncontrolled sei-
zures because they are resistant to treatment with antisei-
zuredrugs (ASDs) (1, 2).Thus,developingnovel therapeutic
strategies to effectively treat epilepsy is imperative.

One current research focus is on inflammation involved
in the development and progression of CNS diseases. The
prostanoid prostaglandin E2 (PGE2) that is critical in the
cyclooxygenase-2 (COX-2) inflammatory pathway is of
particular interest. Under physiologic conditions, PGE2 is
constitutively generated in the gastrointestinal tract, kid-
neys, vasculature, and bones (3, 4). Following seizures,
however, brain PGE2 levels are substantially increased
(5–7). Data from a recent study show that the cerebrovas-
cular endothelium is the primary source of PGE2 during
kainic acid–induced status epilepticus (SE) (6). PGE2 is
thought to exert proconvulsive effects by enhancing neural
hyperexcitability, increasing neuronal death, and impairing
blood-brain barrier function (6, 8–11). In addition, PGE2
has been linked to seizure-induced up-regulation of the
blood-brain barrier drug efflux transporter, P-glycoprotein
(P-gp), that is known to transport ASDs (12–14). P-gp
is up-regulated following seizures, especially in limbic
brain regions commonly associatedwith seizure generation
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(9, 11, 12, 15–20). Moreover, P-gp up-regulation has been
associated with ASD resistance (21, 22). Selective COX-2
inhibition in animal SE and epilepsy models reduced both
PGE2 and P-gp expression, which increased ASD distribu-
tion and pharmacosensitivity (11, 20, 21). We have shown
that inhibiting the PGE2 receptor, prostanoid E receptor
subtype 1 (EP1), also prevents P-gpup-regulation following
SE(9).AlthoughCOX-2 inhibitorsareeffective inpreventing
P-gp induction and improving pharmacosensitivity in vivo
(21), they also have negative cardiovascular side effects.We,
therefore, investigated the effect of inhibiting PGE2 pro-
duction on P-gp after SE. The final step of PGE2 production
is mediated by prostaglandin E synthase. In the brain, in-
ducible microsomal prostaglandin E synthase-1 (mPGES-1)
has been shown to be responsible for the increase in PGE2
after seizures (6). Thus, we hypothesized that inhibiting
mPGES-1 prevents the induction of P-gp expression and
transport function following SE.

Although 2 inhibitors of humanmPGES-1 (hmPGES-1)
have entered clinical trials, no mPGES-1 inhibitor is clini-
cally available yet. Here, we report that BI1029539, a spe-
cific hmPGES-1 inhibitor, prevents seizure-induced P-gp
up-regulation at the blood-brain barrier in transgenicmice
expressing hmPGES-1. Based on our findings, we con-
clude that mPGES-1 is involved in the signaling pathway
leading to seizure-induced up-regulation of efflux trans-
portersand thatmPGES-1 inhibitionmaypotentially serve
as a target to overcome ASD resistance in epilepsy that is
mediated in part by P-gp. Furthermore, inhibiting
hmPGES-1 with BI1029539 may also prove beneficial in
treating other CNS diseases that involve PGE2 (23).

MATERIALS AND METHODS

Data and statistical analysis

Data and statistical analyses follow published guidelines for ex-
perimental design and analysis (24). Sample sizes (e.g., animal
numbers, number of brain capillaries to be analyzed) for indi-
vidual experimentswerebasedonpoweranalysesofpreliminary
data and previously published data and are provided in the
figure legends (12, 25). The number of repetitions is stated in the
Results section and the figure legends. Animals were randomly
assigned to each group (simple randomization); data analysis
was performed in a blinded fashion.

Statistical analyses focused on comparisons among experi-
mental groupsanddidnot include covariates.Mean responsewas
compared using a 2-tailed, unpaired Student’s t test for 2 groups
and ANOVA for more than 2 groups. Analyses were performed
usingMicrosoftExcel (Microsoft,Redmond,WA,USA)andPrism
[v.7.00; Research Resource Identifier (RRID): SCR_002798;
GraphPad Software, La Jolla, CA, USA]. Because animals in each
experiment were independent, observed differences were con-
sidered to be statistically significantwhenP, 0.05 (i.e., therewere
no multiple comparisons based on data from the same animals).
For the Western blot data in Tables 1–5, the mean for each treat-
ment was compared with control using Dunnett’s many-to-one
t test with statistical significance determined at P, 0.05.

Chemicals

BI1029539 (alternative name: OX-MPI) was provided by Boeh-
ringer IngelheimPharma (Biberach,Germany) (26, 27).Antibody

against hmPGES-1 (MBS240155) for immunohistochemistrywas
from MyBioSource (San Diego, CA, USA). hmPGES-1 (Clo-
ne6C6) antibody for Western blotting and immunostaining was
from Cayman Chemical (Ann Arbor, MI, USA; 10004350, RRID:
AB_10079051). Guinea pig–derived anti–mPGES-1 pAb was
kindly provided by Ken-Ichi Hosoya (Toyama University,
Toyama, Japan) (28–30). Kainic acid and b-actin antibody
(ab8226) were obtained from Abcam (Cambridge, MA, USA).
N-e(4-nitrobenzofurazan-7-yl)-D-Lys8–cyclosporinA (NBD-CSA)
was custom-synthesized by R. Wenger (Basel, Switzerland) (31).
L-Glutamate, bovine serumalbumin (BSA), glutaraldehyde (25%),
and paraformaldehyde were purchased from MilliporeSigma
(Burlington,MA,USA).AntibodyagainstP-gp (C219;MA126528;
RRID: AB_795165), Dulbecco’s PBS (DPBS), DAPI, and all other
chemicals and supplies were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA).

Animals

Animal protocols were approved by the University of Minnesota
Institutional Animal Care and Use Committee (1012A93932; Prin-
cipal Investigator:B.B.) andwere inaccordancewithAssociation for
Assessment and Accreditation of Laboratory Animal Care (AAA-
LAC) regulations, the U.S. Department of Agriculture Animal
Welfare Act, U.S. National Institutes of Health animal guidelines,
and the Animal Research: Reporting of In Vivo Experiments (AR-
RIVE) guidelines. Animals were housed under controlled condi-
tions (24–26°C, 50–60% relative humidity, 12-h dark/light cycle)
with free access to tap water and rodent chow. Prior to experi-
mentation, animals were allowed to acclimate for 2 wk. For ex vivo
experiments, male CD IGS Sprague-Dawley rats (RGD_734476;
8 wk of age, 275–300 g; Charles River Laboratories, Wilmington,
MA, USA), male C57BL/6NTac mice (RRID: IMSR_TAC:b6; 8 wk
of age, 20–23 g; Taconic Farms, Germantown,NY,USA), andmale
transgenic humanized mPGES-1 mice on a C57BL/6 background
(8wkofage,20–23g;Boehringer IngelheimPharma)wereused.For
in vivo studies, we usedmale and female C57BL/6NTac wild-type
mice (11–14wkof age, 20–30 g; Taconic Farms) aswell asmale and
female transgenic humanized mPGES-1 C57BL/6 mice (12–14 wk
of age, 20–34 g; Boehringer Ingelheim Pharma).

Generation of transgenic humanized mPGES-1
C57BL/6 mice

Transgenic mice constitutively expressing the mPGES1 [prosta-
glandin E synthase gene (Ptges)] humanized allele were gener-
ated by Boehringer IngelheimPharma using a similar strategy as
previously reported in ref. 32. The mouse mPGES1 (Ptges)

TABLE 1. Western blot analysis of P-gp protein expression levels in
isolated brain capillaries exposed to PGH2 and PGE2

Exposure P-gp

PGH2
Control 100 6 2.5
10 nM PGH2 183.7 6 5.1*
25 nm PGH2 157.1 6 4.6*

PGE2
Control 100 6 3.3
0.5 nM PGE2 132.1 6 4.7*
0.75 nm PGE2 164.2 6 5.7*
1 nm PGE2 193.4 6 6.9*

Data were normalized to b-actin levels; values are given as per-
centage of control 6 SEM (n = 3). See Fig. 2A, C. *P , 0.01 for each
endpoint compared with control (Dunnett’s many-to-one t test).
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genomic region encompassing exon 1 (starting at the translation
initiation site), intron 1, and exon 2 were replaced with an engi-
neered humanmini-gene (full-length human PTGES cDNAwas
engineered by inserting human PTGES intron 1 between exons 1
and 2). An additional polyadenylation signal was inserted
downstreamof exon3,which contains the39UTR, to improve the
expression of the human PTGES cDNA in mouse cells and pre-
vent downstream transcription of the remaining mouse gene.
Mouse genomic sequences downstreamof exon 2were left intact
in order to keep all potential regulatory elements driving ex-
pression of themPGES1 (Ptges) gene. Apositive selectionmarker
(PuroR) was flanked by F3 recombination sites and inserted
downstream of the human PTGESmini-gene. A targeting vector
was generated using bacterial artificial chromosome clones from
the C57BL/6J RPCI-23 bacterial artificial chromosome library
and transfected into the TaconicArtemis C57BL/6N Tac embry-
onic stem (ES) cell line. Homologous recombinant clones were
isolated using positive (puromycin resistance) and negative
(thymidine kinase) selections, and the humanized allele was fi-
nalized after Flp-mediated removal of the selection marker.
hmPGES-1 protein was expressed under the control of the en-
dogenous mouse mPGES1 (Ptges) promoter. Because of the re-
moval of mouse mPGES1 (Ptges) exons 1 and 2 and the
termination of transcription at the inserted 39UTR and poly-
adenylation signals within the human mini-gene, mouse
mPGES-1 protein was no longer expressed. The C57BL/6N ES
cell line was grown on a mitotically inactivated feeder layer
composed of mouse embryonic fibroblasts in DMEM high-
glucosemedium containing 20% FBS (PAN-Biotech, Aidenbach,
Germany) and 1200 U/ml leukemia inhibitory factor (Esgro
Recombinant Mouse LIF Protein, ESG1107; MilliporeSigma).
Cells (107) and 30 mg of linearized DNA vector were electro-
porated (Gene Pulser Xcell Electroporation System; Bio-Rad,
Hercules, CA, USA) at 240 V and 500 mF. Puromycin selection
(1 mg/ml) started on d 2 after electroporation; counterselection
with gancyclovir (2 mM) started on d 5 after electroporation. ES
clones were isolated on d 8 and analyzed by Southern blotting

after expansion and freezing of clones in liquid nitrogen. After
administrationofhormones, superovulatedBALB/c femalemice
werematedwithBALB/cmalemice. Blastocystswere isolated at
3.5 d postcoitum. Formicroinjection, blastocystswere placed in a
drop of DMEM with 15% fetal calf serum under mineral oil. A
flat-tip, piezo-actuated microinjection pipette with an internal
diameter of 12–15 mmwas used to inject 10–15 targeted C57BL/
6NTac ES cells into each blastocyst. After recovery, 8 injected
blastocysts were transferred to each uterine horn of pseudo-
pregnant nuclear MRI (NMRI) female mice at 2.5 d postcoitum.
Chimerism was measured in chimeras (G0) by coat color contri-
bution of ES cells to the BALB/c host (black and white). Highly
chimeric mice were bred to strain C57BL/6 females. Germline
transmission was identified by the presence of black, strain
C57BL/6 offspring (G1). Mice were backcrossed to the C57BL/6
background strain over at least 6 generations.

Human brain samples

Human brain samples (inferior parietal lobule, n = 2) were
obtained from the brain bank of the Alzheimer’s Disease Core
Center at the University of Kentucky (UK-ADC; Lexington, KY,
USA; Institutional Review Board B15-2602-M). Inclusion criteria
included enrollment in theUK-ADClongitudinal autopsycohort
study, postmortem intervals#4 h, and final consensus diagnosis
of normal cognition as determined by UK-ADC neuropatholo-
gists, neuropsychologists, and neurologists (33).

BI1029539 dosing and kainic acid–induced SE

BI1029539 (10, 30, 100 mg/kg) or vehicle (10% Tween 80; Milli-
poreSigma) and90%Natrosol250HX(dosingvolume: 10ml/kg;
Boehringer Ingelheim Pharma) were administered twice a day
via oral gavage over 5 d (Fig. 1). Mice received 4 doses of
BI1029539 or vehicle by oral gavage prior to inducing SE. After
SE, mice received additional 3 applications of BI1029539 or
vehicle.

SE was induced in both wild-type and transgenic
hmPGES-1 mice by fractionated administration of kainic acid
dissolved in isotonic saline (pH 7.4; control mice received
saline instead of kainic acid). Specifically, mice were given an
initial kainic acid bolus dose of 20 mg/kg, i.p. Mice that did
not develop SEwithin 60min of the initial bolus dose received
additional kainic aciddoses of 5 or 10mg/kg, i.p. every 30min
until mice developed continuous seizure activity (SE). Sub-
sequent doses of kainic acid were determined by the severity
and frequency of seizures according to a protocol adapted
from Hellier and Dudek (34). A subset of mice (n = 12, 2 male
and 10 female mice) did not develop SE after kainic acid
dosing and were kept as kainic acid controls. Mean cumula-
tive kainic acid doses given were 33.76 6.5mg/kg for control

TABLE 3. Western blot analysis of P-gp and hmPGES-1 protein
expression levels in isolated brain capillaries exposed to glutamate and
BI1029539

Exposure P-gp hmPGES-1

Control 100 6 7.0 100 6 1.9
100 mM glutamate 166 6 10.9* 132.8 6 3.5*
+1 mM BI1029539 91.8 6 6.7 91.5 6 2.3*
1 mM BI1029539 91.0 6 5.2 91.8 6 1.7*

Data were normalized to b-actin levels; values are given as the
percentage of control 6 SEM (n = 3). See Fig. 5C. *P , 0.01 for each
endpoint compared with control (Dunnett’s many-to-one t test).

TABLE 2. Western blot analysis of P-gp protein expression levels in
isolated brain capillaries exposed to glutamate, NMDA, AA, PGH2,
and PGE2

Exposure P-gp

Glutamate
Control 100 6 4.3
100 mM glutamate 181 6 5.7*
+1 mM SC51089 113.2 6 5.5**

NMDA
Control 100 6 5.5
1 mM NMDA 174.5 6 9.3*
+1 mM SC51089 113.0 6 6.7

AA
Control 100 6 3.0
10 mM AA 192.5 6 7.1*
+1 mM SC51089 107.9 6 3.5

PGH2
Control 100 6 4.9
10 nM PGH2 182.4 6 9.0*
+1 mM SC51089 105.8 6 5.3

PGE2
Control 100 6 4.1
0.5 nM PGE2 190 6 8.4*
+1 mM SC51089 132.5 6 5.3*

Data were normalized to b-actin levels; values are given as the
percentage of control 6 SEM (n = 3). See Fig. 3. *P , 0.01, **P , 0.05
for each endpoint compared with control (Dunnett’s many-to-one
t test).
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mice (no BI1029539) that experienced SE and 30.86 0.4 mg/kg
kainic acid for control mice (no BI1029539) that did not de-
velop SE. Mean cumulative kainic acid doses given to mice that
also received BI1029539 were 35.0 6 6.2 mg/kg (10 mg/kg
BI1029539), 43.66 7.8mg/kg (30mg/kgBI1029539), and 33.96
4.2 mg/kg (100 mg/kg BI1029539). Each group mean was
compared with kainic acid control animals (no SE) using Sat-
terthwaite’s ;2-sample Student’s t test because the variance of
the responses in the control groupwas significantly less than the
variance for any other group. To guard against inflation of
the type I error rate, statistical significancewasdetermined at the
P , 0.0125 level (Bonferroni’s correction). The SE group had a
significantly smaller mean than control, and the 30 mg/kg
BI1029539 group had a significantly larger mean than the con-
trol. The means for 10 mg/kg BI1029539 and 100 mg/kg
BI1029539 did not differ from the control mean.

After 90 min, SE was terminated with repeated doses of
10 mg/kg, i.p. diazepam until seizures stopped (mean cumula-
tive diazepam dose: 17.0 mg/kg). For post-SE recovery, mice
were given 5% dextrose solution (3 ml, s.c.); supplemental heat
wasprovided throughout recoveryuntilmicewere able tomove,
groom, and take in food andwater.MiceweregivenNapanectar
(Systems Engineering, Napa, CA, USA) and critical care food
(Oxbow Animal Health, Omaha, NE, USA) mixed with 5%
dextrose until CO2 euthanasia 48 h after SE. Control mice also
received diazepam.

Brain capillary isolation

Brain capillaries were freshly isolated as previously described
in refs. 35 and 36. Briefly, animals were euthanized by CO2 in-
halation and decapitated; brains were harvested and collected in
ice-cold DPBS containing Ca2+ and Mg2+, 5 mM D-glucose, and
1 mM sodium pyruvate, pH 7.4. Brain tissue was homogenized,
mixed with Ficoll PM 400 (final concentration 15%; Milli-
poreSigma), and centrifuged (5800 g, 20 min, 4°C). The resulting
capillarypelletwas suspended in 1%BSA-DPBSandpassedover
a glass-bead column, fromwhich capillarieswere collected in 1%
BSA-DPBS and washed with DPBS. For ex vivo glutamate ex-
periments, capillaries were exposed to 100 mM glutamate for
30min, washed, and incubated in glutamate-free buffer for 5.5 h.
After a total of 6 h, brain capillaries were used for transport ex-
periments, immunohistochemistry, and crude membrane isola-
tions followed byWestern blotting.

Western blotting

Freshly isolated brain capillaries were homogenized in CelLytic
M lysis buffer (MilliporeSigma) containing Complete protease
inhibitor (Roche, Basel, Switzerland). Samples were centrifuged

(10,000 g, 15 min, 4°C) to remove cellular debris and nuclei.
Further centrifugation (100,000 g, 90min, 4°C) yielded a pellet of
crude capillary membranes that was resuspended in tissue lysis
buffer containing protease inhibitor and kept at 280°C until
further use. Prior to Western blotting, sample protein concen-
trations were determined by Bradford assay. Western blotting
was performed using the NuPage Bis-Tris Electrophoresis and
blotting system (Thermo Fisher Scientific). Samples were mixed
with 43 lithium dodecyl sulfate sample buffer and 10% DTT
reducingagent. Sampleswere run in 4–12%Bis-Tris gradientgels
and transferred for 1 h. Membranes were blocked for 1 h and
incubated overnight at 4°C with primary antibody against
b-actin (1:1000, 1 mg/ml, RRID: AB_306371; ab8226, Abcam),
hmPGES-1 (3 mg/ml, RRID: AB_10079051; 10004350, Cayman
Chemical), polyclonal rat-mouse mPGES-1 (0.1 mg/ml), or P-gp
(C219, 1:100, 0.5 mg/ml, MA126528, RRID: AB_795165; Thermo
Fisher Scientific) (30). Membranes were washed and incubated
with horseradish peroxidase–conjugated ImmunoPure second-
ary IgG (1:10,000; Pierce, Rockford, IL, USA) for 1 h at room
temperature. Protein bands were visualized using SuperSignal
West Pico andWest Femto chemiluminescent substrates (Pierce)
and a ChemiDoc XRS imager (Bio-Rad). Optical density of pro-
tein bands was measured with Bio-Rad Quantity One software
(v.4.6.9; Bio-Rad).

Immunohistochemistry

Immunohistochemistry of mouse brain capillaries was per-
formed as described in Bauer et al. (37). Freshly isolated
mouse brain capillaries were transferred onto #1 glass cov-
erslips in imaging chambers and fixed for 30 min in 3%
paraformaldehyde–0.25% glutaraldehyde at room tempera-
ture. Capillaries were washed with PBS, permeabilized for
30 min with 1% Surfact-Amps X-100 (Pierce), washed with
PBS, and blocked with 1% BSA-PBS. Capillaries were in-
cubated with primary monoclonal antibody against hmPGES-1
(1:100; 10 mg/ml in BSA, RRID: AB_10079051; 10004350, Cay-
man Chemical) or primary pAb against mPGES-1 (2mg/ml;
overnight at 4°C) (30). Capillaries were washed with 1%
BSA-PBS and incubated with secondary antibody (1:1000 in
BSA-PBS, 2mg/ml;Pierce) for 1hat 37°C in thedark.Nucleiwere
counterstained with DAPI (1 mg/ml in 1% BSA-PBS, 10 min). To
control for background fluorescence, capillaries used as negative
control were processed without primary antibody. Immunoflu-
orescencewas visualizedwith aZeiss LSM710 inverted confocal
microscope thatwas equippedwith aC-Apochromat340/1.2W
Corr objective using the 488 nm line of an argon laser (Carl Zeiss,
Oberkochen, Germany).

TABLE 5. Western blot analysis of P-gp and hmPGES-1 protein
expression levels in isolated brain capillaries from animals that
experienced SE that were treated with BI1029539 or vehicle

Exposure P-gp hmPGES-1

Control 100 6 5.0 100 6 4.1
100 mg/kg BI1029539 98.7 6 5.0 108.4 6 4.3
Kainic acid control 139.0 6 6.9* 92.9 6 3.7
SE 190.5 6 9.4* 146.9 6 4.8*
SE + 10 mg/kg BI1029539 97.4 6 4.1 95.6 6 3.7
SE + 30 mg/kg BI1029539 107.3 6 4.8 95.1 6 3.9
SE + 100 mg/kg BI1029539 103.8 6 5.3 95.5 6 3.6

Data were normalized to b-actin levels; values are given as the
percentage of control 6 SEM (n = 3). See Fig. 7A. *P , 0.01 for each
endpoint compared with control (Dunnett’s many-to-one t test).

TABLE 4. Western blot analysis of P-gp and hmPGES-1 protein
expression levels in isolated brain capillaries exposed to glutamate and
BI1029539

Exposure P-gp hmPGES-1

Control 100 6 4.8 100 6 3.1
100 mM glutamate 174.9 6 6.6* 149.5 6 5.5*
1 nM BI1029539 103.3 6 5.7 131.4 6 4.7*
10 nM BI1029539 103.9 6 5.1 97.4 6 2.3
100 nM BI1029539 100.2 6 5.3 100.2 6 3.4

Data were normalized to b-actin levels; values are given as the
percentage of control 6 SEM (n = 3). See Fig. 6A. *P , 0.01 for each
endpoint compared with control (Dunnett’s many-to-one t test).
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Ex vivo P-gp transport assay

P-gp transport activity in mouse brain capillaries was assessed
using the fluorescent P-gp substrate NBD-CSA as described in
refs. 35 and 38. Freshly isolated capillaries were transferred into
imaging chambers and incubated with NBD-CSA (2 mM) for 1 h
at room temperature. For each group, images of 10 capillaries
were acquired with a Zeiss LSM 710 inverted confocal micro-
scope (C-Apochromat340/1.2W Corr objective, 488 nm line of
an argon laser; Carl Zeiss). Luminal NBD-CSA fluorescence in-
tensity was quantitated using Zeiss Zen 2012 Imaging software
(Carl Zeiss). Specific, luminal NBD-CSA fluorescence was taken
as the difference between total luminal fluorescence and fluo-
rescence in the presence of the P-gp–specific inhibitor PSC833
(5 mM) (38–40).

RESULTS

Prostaglandin endoperoxide H2 and PGE2
up-regulate P-gp in brain capillaries

Wepreviously showed COX-2 involvement in glutamate-
mediated up-regulation of P-gp at the blood-brain barrier
(9, 12, 20). COX-2 is a proinflammatory enzyme that con-
verts arachidonic acid (AA) to prostaglandin endoperox-
ide H2 (PGH2), which is converted by mPGES-1 to PGE2
(41).

Weexposed isolated rat brain capillaries to 0, 10, and25
nM PGH2 for 6 h and observed increased P-gp protein
expression levels inmembranes frombrain capillaries that
were exposed to PGH2 compared with control capillaries
(Fig. 2A; Western blot analyses in Table 1). We also de-
termined P-gp transport activity levels in isolated brain
capillaries by using an assay we previously established
(12, 25). In this assay, brain capillaries are incubated with
the fluorescent P-gp substrate NBD-CSA (2 mM) for 1 h to
steady state. Capillaries are imaged with a confocal mi-
croscope followed by quantitative image analysis of
NBD-CSA fluorescence in the capillary lumen. In
brain capillaries with high P-gp transport activity, more
NBD-CSA is transported into the capillary lumen com-
pared with control capillaries, resulting in higher lumi-
nal NBD-CSA fluorescence. Thus, luminal NBD-CSA
fluorescence levels are a measure for P-gp transport ac-
tivity. We utilized this assay to assess P-gp transport
activity levels in brain capillaries exposed to PGH2.
Consistent with increased P-gp protein expression, we

found that nanomolar concentrations of PGH2 also in-
creased P-gp transport activity in isolated rat brain
capillaries (Fig. 2B). A similar effect was observed with
PGE2, the product of mPGES-1–mediated conversion of
PGH2. PGE2 is found at lownanomolar concentrations in
the brain that typically are in the range of 0.02–10 nM
(42–44).We found that 0.5, 0.75, and 1nMPGE2 increased
P-gp protein expression and transport activity (Fig. 2C,
D). We further demonstrated that the mPGES-1 inhibitor
BI1029539 prevents PGH2-mediated up-regulation of
P-gpprotein expression and transport activity (Fig. 2E, F).

Together, these findings suggest that PGH2,mPGES-1,
and PGE2 are involved in the signaling pathway re-
sponsible for up-regulationof P-gpprotein expression and
transport activity levels at the blood-brain barrier.

PGE2 receptor 1 is involved in P-gp
up-regulation in brain capillaries

Prostaglandins such as PGE2 exert their effects by signal-
ing through prostaglandin receptors. We recently de-
tected protein expression of the prostaglandin receptor
EP1 in isolated rat brain capillaries and linked it to
seizure-induced increase of P-gp protein expression and
transport activity levels at the blood-brain barrier (9, 20).
We previously also demonstrated that the neurotrans-
mitter glutamate, which is extensively released during
seizures, up-regulates P-gp expression and activity levels
in isolated brain capillaries (12). Here, we show that
blocking EP1 with the EP1 antagonist SC-51089 prevents
glutamate-mediated up-regulation of P-gp protein ex-
pression and transport activity in isolated rat brain capil-
laries (Fig. 3A). P-gp up-regulation was also observed in
capillaries that were exposed to the NMDA receptor ago-
nist NMDA; this effect was also abolished by blocking the
EP1 receptor (Fig. 3B). We further found that the cytosolic
phospholipase A2 (cPLA2) product AA, the COX-2 prod-
uctPGH2, and themPGES-1productPGE2all up-regulate
P-gp protein expression and transport activity levels (Fig.
3C–E) and that blockingEP1with SC-51089prevents these
effects (Western blot analyses in Table 2).

These data suggest that AA, PGH2, PGE2, mPGES-1,
and EP-1 are involved in the signaling pathway through
which glutamate mediates P-gp up-regulation at the
blood-brain barrier.

Day 1 Day 2 Day 3 Day 4 Day 5

6:00 18:00 18:00 18:006:00
Time
of BI1029539
Administration

7:30
SE Induction

7:30
Euthanasia

18:00 6:00

Figure 1. BI1029539 dosing regimen. BI1029539 (10, 30, 100 mg/kg) or vehicle was administered twice a day via oral gavage over
a period of 5 d. Mice received 4 doses of either BI1029539 or vehicle by oral gavage prior to inducing SE in mice and additional 3
applications of either BI1029539 or vehicle after SE induction. Acute SE was induced in both wild-type and transgenic hmPGES-1
mice by fractionated administration of kainic acid.
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mPGES-1 expression in mouse, rat, and human
brain capillaries

mPGES-1 is a major source of PGE2 by converting
PGH2 into PGE2. Previous studies have demonstrated

that mPGES-1 is constitutively expressed throughout
the brain, including the area postrema, the subfornical
organ, the paraventricular hypothalamic nucleus, the
arcuate nucleus, the preoptic area, and the choroid
plexus (29). On a cellular level, high expression of
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Figure 2. PGH2 and PGE2 up-regulate P-gp protein and activity levels in isolated brain capillaries. A) Western blot showing P-gp
protein expression in isolated rat brain capillaries exposed to PGH2; b-actin was used as protein loading control. B) P-gp
transport activity in isolated rat brain capillaries exposed to PGH2. C) Western blot showing P-gp protein expression in isolated
rat brain capillaries exposed to PGE2; b-actin was used as protein loading control. D) P-gp transport activity in isolated rat brain
capillaries exposed to PGE2. E, F) Exposing brain capillaries to 25 nM PGH2 increased P-gp protein expression and transport
activity levels. This effect on P-gp was blocked by 100 nM BI1029539. For specific luminal NBD-CSA fluorescence, data represent
means 6 SEM for 10 capillaries from a single preparation (pooled tissue from 10 rats). Units are arbitrary units (au; scale: 0–255).
***P , 0.001, significantly higher than controls.

6 Vol. 33 December 2019 SOLDNER ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by Univ of Kentucky Medical Center Serials (128.163.2.206) on November 18, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.

http://www.fasebj.org


mPGES-1 has been shown in leptomeninges, astro-
cytes, capillary-associated pericytes, and brain endo-
thelial cells comprising the blood-brain barrier. Figure 4
shows representative images of immunostained mPGES-1
in brain capillaries isolated from human (Fig. 4A), rat
(Fig. 4B), and mouse (Fig. 4C) brain tissue. Localization of
mPGES-1 appears to be intracellular and in the luminal and
abluminal membranes, which is consistent with mPGES-1

being an intracellular, membrane-associated protein (45).
Western blot analysis of isolated capillary membranes from
human, rat, and mouse brain capillaries suggests that
mPGES-1 is highly expressed in mouse and human brain
capillaries and to a lesser extent in isolated rat brain capil-
laries (Fig. 4D). Together, our data demonstrate mPGES-1
expression at the blood-brain barrier of mouse, rat, and
human.
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Figure 3. Glutamate increases P-gp protein and activity levels by signaling through the prostaglandin E receptor EP1. Isolated rat
brain capillaries were exposed to glutamate (A), NMDA (B), AA (C), prostaglandin H2 (PGH2) (D), and PGE2 (E) with or
without the EP1 inhibitor SC-51089. Blocking the EP1 receptor with SC-51089 fully abolished the action of glutamate, NMDA, AA,
PGH2, and PGE2. P-gp protein expression was assessed by Western blotting; b-actin was used as protein loading control. P-gp
transport activity was measured as specific luminal NBD-CSA accumulation in capillary lumens. For specific luminal NBD-CSA
fluorescence, data represent means 6 SEM for 10 capillaries from a single preparation (pooled tissue from 10 rats). Units are
arbitrary units (au; scale: 0–255). ***P , 0.001, significantly higher than controls.
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BI1029539 blocks glutamate-mediated P-gp
up-regulation ex vivo

To extend our findings to hmPGES-1, we used transgenic
mice expressing hmPGES-1. We employed this unique
humanized mPGES-1–expressing mouse model in com-
binationwithBI1029539, a potent and specific inhibitor for
hmPGES-1 (26, 27). Figure 5A shows a representative
image of an isolated capillary from hmPGES-1 mice
immunostained for hmPGES-1 with an antibody that is
specific for hmPGES-1 and does not react with mouse or
rat mPGES-1. The negative control (no primary antibody)
showed no staining for hmPGES-1 (Fig. 5B). Exposing
isolated brain capillaries from hmPGES-1 mice to 100 mM
glutamate increased P-gp protein expression levels; glu-
tamate also slightly increased hmPGES-1 protein expres-
sion levels (Fig. 5C; for Western blot analyses see Table 3).
In capillaries exposed to both glutamate and BI1029539,
the glutamate effect on P-gp was blocked. As an addi-
tional control, we tested the effect of BI1029539 by itself,
which did not affect P-gp protein levels. Consistent with
glutamate-mediated induction of P-gpprotein expression,
P-gp transport activitywas also increasedwith glutamate;

BI1029539 completely abolished this effect. Figure 5D
shows representative images of brain capillaries from
hmPGES-1 mice after addition of NBD-CSA to determine
P-gp transport activity. Compared with control capillaries,
glutamate-treated capillaries showed increased luminal
NBD-CSA fluorescence, indicating increasedP-gp transport
activity levels. In contrast, BI1029539 treatment maintained
luminal NBD-CSA fluorescence at control levels; BI1029539
itself hadnoeffect on luminalNBD-CSAfluorescence levels.
Confocal image analysis revealed that in glutamate-treated
brain capillaries, specific luminal NBD-CSA fluorescence
was significantly increased by 73.2% (P , 0.001) (Fig. 5E).
BI1029539 blocked the glutamate effect and P-gp transport
activity remained at control levels; BI1029539 itself had no
effect on P-gp transport activity.

Next, we conducted a dose response to determine
the lowest concentration at which BI1029539 inhibits
glutamate-inducedP-gpup-regulation in brain capillaries.
We exposed brain capillaries isolated from transgenic
hmPGES-1 mice to glutamate in the presence of 1, 10, or
100 nM BI1029539. The Western blot in Fig. 6A (Western
blot analyses in Table 4) shows that glutamate increased
P-gp protein expression levels and that this effect was

Figure 4. mPGES-1 protein expression in isolated
mouse, rat, and human brain capillaries. A–C)
Representative images of isolate moused (A), rat
(B), and human (C) brain capillaries immuno-
stained for mPGES-1 (green); nuclei are counter-
stained with DAPI (blue). Scale bar, 5 mm. D, E)
Western blot showing hmPGES-1 protein expres-
sion (D) in isolated capillary membranes from
mouse, rat and human brain tissue; b-actin was
used as protein loading control (E).
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blocked by 1, 10, and 100 nM BI1029539. Glutamate also
increased hmPGES-1 protein expression levels in brain
capillaries. This effect was only blocked at higher BI1029539
concentrations of 10 and 100 nM.

Consistent with glutamate-mediated induction of P-gp
protein expression, glutamate also increased P-gp trans-
port activity, and this effectwas abolished by BI1029539 at
all concentrations used. Figure 6B shows representative
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Figure 5. BI1029539 effect on glutamate-mediated up-regulation of P-gp and mPGES-1 levels in isolated brain capillaries. A)
Isolated brain capillary from hmPGES-1 mice immunostained for hmPGES-1 (green); nuclei are counterstained with DAPI
(blue). Scale bar, 5 mm. B) Negative control (no primary antibody) from left to right: transmitted light channel, green channel,
blue channel, overlay of all 3 channels. Scale bar, 5 mm. C) Exposing isolated brain capillaries from hmPGES-1 mice to 100 mM
glutamate increased P-gp protein expression levels. The glutamate effect on P-gp was blocked by 1 mM BI1029539, which by itself
did not affect P-gp. Glutamate also slightly increased hmPGES1 protein levels in brain capillaries from hmPGES-1 mice;
BI1029539 blocked this effect as well. BI1029539 itself did not affect hmPGES-1 protein levels. b-Actin was used as protein loading
control. D) Representative images of brain capillaries from hmPGES-1 mice after addition of NBD-CSA to determine P-gp
transport activity. Glutamate-treated capillaries show increased luminal NBD-CSA accumulation compared with controls.
BI1029539 treatment maintained luminal NBD-CSA fluorescence at control levels; BI1029539 itself had no effect on luminal
NBD-CSA fluorescence. Scale bar, 5 mm. E) Image analysis revealed that specific luminal NBD-CSA fluorescence was increased in
glutamate-treated capillaries. BI1029539 blocked the glutamate effect and had no effect on P-gp transport activity by itself. For
specific luminal NBD-CSA fluorescence, each data point represents means 6 SEM for 10 capillaries from 1 preparation of 50
hmPGES-1 mice. Units are arbitrary units (au; scale: 0–255). ***P , 0.001, significantly higher than controls.

mPGES-1 INHIBITION PREVENTS P-GP UP-REGULATION 9

Downloaded from www.fasebj.org by Univ of Kentucky Medical Center Serials (128.163.2.206) on November 18, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.



Figure 6. BI1029539 effect on glutamate-mediated up-regulation of P-gp and mPGES-1 levels in isolated brain capillaries ex vivo.
A) P-gp and hmPGES-1 Western blot. Exposing brain capillaries from hmPGES-1 mice to 100 mM glutamate increased P-gp
protein expression levels. The glutamate effect on P-gp was blocked by 1, 10, and 100 nM BI1029539. Glutamate also increased
hmPGES-1 protein levels in brain capillaries from hmPGES-1 mice; 10 and 100 nM BI1029539 blocked this effect as well. b-Actin
was used as protein loading control. B) Representative images of brain capillaries isolated from hmPGES-1 mice after addition of
NBD-CSA to determine P-gp transport activity. Glutamate-treated capillaries show increased luminal NBD-CSA accumulation
compared with controls. BI1029539 treatment maintained luminal NBD-CSA fluorescence at control levels. Scale bar, 5 mm. C)
Image analysis revealed that specific luminal NBD-CSA fluorescence was increased in glutamate-treated capillaries. BI1029539 at
all concentrations tested blocked the glutamate effect. For specific luminal NBD-CSA fluorescence, each data point represents
means 6 SEM for 10 capillaries from 1 preparation of 70 hmPGES-1 mice. Units are arbitrary units (au; scale: 0–255). ***P ,
0.001, significantly higher than controls.
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images of brain capillaries from hmPGES-1 mice after ex-
posure to glutamate and addition of NBD-CSA to de-
termine P-gp transport activity. Compared with control
capillaries, luminal NBD-CSA fluorescence was increased
in glutamate-treated capillaries, indicating increased P-gp
transport activity levels. In contrast, BI1029539 treatment
maintained luminal NBD-CSA fluorescence at control
levels. Quantitative confocal image analysis revealed that
specific luminal NBD-CSA fluorescence was increased by
116.5% (P, 0.001) in brain capillaries treated with gluta-
mate compared with control and that BI1029539 at 1, 10,
and 100 nM blocked this glutamate effect on P-gp trans-
port activity (Fig. 6C).

BI1029539 blocks SE-mediated up-regulation
of P-gp expression and activity in vivo

To test the effect of BI1029539 inhibition of hmPGES-1
on P-gp in vivo, transgenic hmPGES-1micewere treated
with BI1029539. BI1029539 treatment included dosing
mice by intraperitoneal injection 4 times prior to SE
induction and 3 times after SE induction. Three groups
of mice were treated with either 10, 30, or 100 mg/kg
BI1029539. Forty-eight hours after SE, animals were
euthanized, and brain capillaries were isolated for
analysis. The Western blot in Fig. 7A (Western blot
analyses in Table 5) shows that kainic acid–induced SE
substantially increased P-gp protein expression levels
in brain capillary membranes from hmPGES-1 mice
compared with control hmPGES-1 mice that did not
experience SE. The SE-induced increase in P-gp protein
expression levels was blocked by 10, 30, and 100mg/kg
BI1029539. Kainic acid–induced SE in hmPGES-1 mice
also slightly increased hmPGES-1 protein levels in brain
capillaries, and this effect was blocked with 10, 30, and
100 mg/kg BI1029539 as well. An additional group of
hmPGES-1 mice that were dosed with 100 mg/kg
BI1029539 showed that BI1029539 by itself did not have
any effect on P-gp or hmPGES-1 protein expression
levels in brain capillaries in vivo. Consistent with in-
creased P-gp protein expression levels, P-gp transport
activity levels were increased in brain capillaries from
hmPGES-1 mice after SE. Note that P-gp protein ex-
pression is also increased in capillaries from kainic acid
control mice that experienced a few seizures but did not
develop SE, suggesting a dose-response–like relation
between seizures and P-gp protein expression levels
(25).

Figure 7B shows representative confocal images of
brain capillaries that were isolated from hmPGES-1
mice and exposed to NBD-CSA to determine P-gp
transport activity. Compared with capillaries from
control mice, luminal NBD-CSA fluorescence in brain
capillaries fromhmPGES-1mice after SEwas increased,
indicating increasedP-gp transport activity. In contrast,
BI1029539 at 10, 30, and 100mg/kg abolished this effect
and maintained luminal NBD-CSA fluorescence at
levels comparable to those observed in brain capillaries
from control hmPGES-1 mice. Quantitative confocal
image analysis showed that specific luminal NBD-CSA

fluorescence was increased by 41% (P , 0.001) in brain
capillaries from hmPGES-1 mice with kainic acid–induced
SE compared with control (Fig. 7C), indicating increased
P-gp transport activity levels. No such increase in P-gp
transport activity was observed in brain capillaries isolated
fromanimals treatedwith10,30,or100mg/kgBI1029539. In
these animals, BI1029539 fully blocked the SE-induced in-
crease in P-gp transport activity, which remained at levels
comparable to those in brain capillaries from control
hmPGES-1 mice. In brain capillaries from mice dosed with
100 mg/kg BI1029539, P-gp transport activity remained at
levels similar to those in control animals, indicating that
BI1029539 by itself did not have any effect on P-gp transport
activity.

These data indicate that hmPGES-1 is involved in
SE-induced up-regulation of P-gp protein expression and
transport activity levels at the blood-brain barrier.

DISCUSSION

We have previously shown up-regulation of blood-brain
barrier P-gp by glutamate through COX-2 and EP1 (9, 12,
20, 25). In the present study, we postulated that inhibiting
mPGES-1, the enzyme responsible for PGE2 production,
would block seizure-mediated up-regulation of P-gp
protein expression and transport activity levels at the
blood-brain barrier. In the following sections, we discuss
our findings.

First, current literature indicates that extracellular
glutamate released during seizures increases ictal ac-
tivity and excitotoxicity, resulting in a potentiation of
seizures. Moreover, seizure-induced glutamate release
is also implicated in up-regulation of blood-brain bar-
rier drug efflux transporters such as P-gp, thereby
limiting brain ASD levels (7, 12, 25, 46, 47). Here we
show that exposing isolated rat and mouse brain
capillaries to glutamate, NMDA, AA, PGH2, or PGE2
increases P-gpprotein expression and transport activity
levels (Figs. 2, 3, 5, and 6). The effect glutamate, NMDA,
AA, PGH2, or PGE2 has on P-gp levels was completely
abolished by blocking EP1with SC-51089 (Fig. 3). Using
BI1029539 to inhibit hmPGES-1 activity abolished
glutamate-induced up-regulation of P-gp expression
and activity levels. These findings support our previous
observations that P-gp up-regulation is mediated
through COX-2 and EP1 and indicate that mPGES-1 is a
critical part of this signaling pathway responsible for
glutamate-mediated up-regulation of blood-brain bar-
rier P-gp (9, 20).

Second, we observed that glutamate also increased
endothelial mPGES-1 protein expression levels in brain
capillaries (Figs. 5 and 6). Our data are consistent with
the observation that endothelial hmPGES-1 protein
expression levels and PGE2 levels are significantly in-
creased in mice after SE (6). Increased PGE2 levels have
also been observed in cultured hippocampal slices fol-
lowing exposure to exogenous glutamate and in mouse
cortex following ischemic stroke, which is also charac-
terized by glutamate excitotoxicity (23). We further
demonstrate that the hmPGES-1 inhibitor BI1029539
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Figure 7. BI1029539 effect on seizure-induced up-regulation of P-gp and mPGES-1 levels in vivo. A) Western blot for P-gp and
hmPGES-1 showing that kainic acid–induced SE increased P-gp protein expression levels in brain capillaries in vivo. This effect on
P-gp was blocked by dosing hmPGES-1 mice with 10, 30, and 100 mg/kg BI1029539. SE also slightly increased hmPGES-1 protein
levels in brain capillaries from hmPGES-1 mice; 10, 30, and 100 mg/kg BI1029539 blocked this effect as well. b-Actin was used as
protein loading control. B) Representative images of brain capillaries isolated from hmPGES-1 mice after addition of NBD-CSA
to determine P-gp transport function. Brain capillaries from mice that developed SE after kainic acid injection show increased
luminal NBD-CSA accumulation compared with control mice. BI1029539 treatment blocked the SE effect and maintained

(continued on next page)
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ablated glutamate-induced overexpression of endo-
thelial hmPGES-1 (Figs. 5 and 6). Previous in vitro
studies of human gingival fibroblasts and synovial fi-
broblasts showed a positive feedback between mPGES-1
expression and its product PGE2 (48, 49). Induction of
mPGES-1 isknowntooccur invariouscell types.Following
SE, Takemiya et al. (6) immunostained brain slices and
detected mPGES-1 protein expression in endothelial cells,
butnot inneuronsor astrocytes. The researchers concluded
that the brain endothelium is the largest source of PGE2
following seizures. Here, we show expression ofmPGES-1
in isolated brain capillaries from mouse, rat, and human
brain tissue (Fig. 4). Our mPGES-1 immunostaining data
suggest that mPGES-1 is localized to the luminal and
abluminal membranes. Data from a previous report
[Takemiya et al. (6)] indicate thatmPGES-1 colocalizeswith
COX-2 at the luminal endothelial membrane, suggesting
that the 2 enzymes are functionally linked and that brain
endothelial cells play an essential role in PGE2 production.
The mPGES-1 Western blot data show substantially dif-
ferent expression levels between hmPGES-1 and mouse
mPGES-1 vs. rat mPGES-1. The antibody we used was
raised against mouse mPGES-1, but the epitope sequences
of rat mPGES-1 and hmPGES-1 are 95 and 87%, re-
spectively, ofmousemPGES-1. Thus, we conclude that the
difference in expression levels is due not to antibody
specificity between mouse, rat, and human but rather to
species-specific basal mPGES-1 expression levels. This
phenomenon has been observed before in a comparison of
mPGES-1 protein expression levels in testicular tissue from
rat, rabbit, pig, and monkey (50).

Third, conflicting reports exist in the literature
on the effects of COX-2 inhibition on SE. Oliveira
et al. (8) showed that inhibiting COX-2 potentiates
pentylenetetrazol-induced SE, whereas data from
Kelley et al. (51) show that transgenic mice over-
expressing human COX-2 have reduced seizure
thresholds when undergoing SE induction with kainic
acid. In contrast, Takemiya et al. showed in COX-2
knockout mice a decreased susceptibility to electrical
kindling compared with sham-treated control mice
(52). These conflicting results have been attributed to
the timing of inhibiting COX-2 relative to the time of
seizure occurrence and the temporal profile of pros-
taglandin production (10, 53). Specifically, published
results suggest a higher ratio of the anticonvulsant
prostaglandin F2-a (PGF2-a) to the proconvulsant
PGE2 during the SE onset phase compared with lower
PGF2-a:PGE2 ratios during the SE progression and the
late SE phases, indicating that PGE2 levels increase
with SE progression (8, 10). In contrast, COX-2 activity
predominates in nonneuronal cells after SE onset, at a

time point when PGE2 predominates over PGF2-a (10,
54). van Vliet et al. (11) showed that inhibiting COX-2
in a rat model of chronic recurring seizures decreases
brain PGE2 and leads to increased phenytoin brain:
plasma ratios. Thus, these observations suggest that
inhibiting COX-2 signaling could improve ASD brain
delivery and ultimately reduce seizure burden. How-
ever, COX-2 inhibitors have considerable disadvan-
tages because of their potential for severe side effects.
In this regard, inhibition of mPGES-1 increases pros-
tacyclin (PGI2) synthesis, which results in reduced
vasoconstriction and lower cardiovascular side effects
compared with COX-2 inhibitors (55). Therefore, tar-
geting hmPGES-1 could be an alternative target to
minimize adverse effects and maximize therapeutic
benefits.

Fourth, up-regulation of blood-brain barrier P-gp in
various animal SE models, including the kainic acid SE
model, is well documented (17, 18, 22, 56). To investigate
the effect of mPGES-1 inhibition on seizure-induced P-gp
up-regulation, we dosedmice expressing hmPGES-1 with
BI1029539. Only in BI1029539-untreated animals that ex-
perienced SE we observed increased P-gp expression and
transport activity levels in brain capillaries. In BI1029539-
untreated mice that were dosed with kainic acid but did
not develop SE (kainic acid control animals), brain capil-
lary P-gp protein expression levels were slightly elevated,
but transport activity remained at control levels. It is
noteworthy that hmPGES-1 inhibitionwith BI1029539 did
not reduce, delay, or affect kainic acid–induced SE. This
observation supports the idea of a dose response, inwhich
animals that did not experience SE but still had a few sei-
zures showed lower P-gp induction compared with ani-
mals that experienced SE (25). Importantly, BI1029539 at
all dose levels effectively prevented the SE-induced in-
crease of P-gp protein expression and transport activity
levels. In control mice (no kainic acid), BI1029539 had no
effect on basal P-gp protein expression and transport ac-
tivity levels. In addition to P-gp expression and transport
function, SE also induced endothelial hmPGES-1 expres-
sion in isolated brain microvessels, supporting observa-
tions made by Takemiya et al. (6) who showed mPGES-1
up-regulation following kainic acid–induced SE in
mice. Consistent with our ex vivo observations that
BI1029539 blocked glutamate-induced hmPGES-1 over-
expression, inhibiting hmPGES-1 with BI1029539 pre-
vented SE-induced overexpression of hmPGES-1 in vivo.
This suggests that the positive feedback between
mPGES-1 and PGE2 observed in vitro also occurs fol-
lowing seizures in vivo (48, 49). Given the effect of
hmPGES-1 inhibition on P-gp expression and transport
activity after SE, we conclude that mPGES-1 is a critical

luminal NBD-CSA fluorescence at control levels. Scale bar, 5 mm. C) Image analysis showed that specific luminal NBD-CSA
fluorescence was increased in capillaries from SE animals indicating increased P-gp transport activity. No such increase was found
in capillaries from SE animals that received BI1029539. For specific luminal NBD-CSA fluorescence, each data point represents
the mean 6 SEM for 10 capillaries from pooled brain tissue of all mice per group (control n = 20, 100 mg/kg BI1029539 n = 20,
kainic acid control n = 12, SE n = 16, SE + 10 mg/kg BI1029539 n = 20, SE + 30 mg/kg BI1029539 n = 17, SE + 100 mg/kg
BI1029539 n = 22). Units are arbitrary units (au; scale: 0–255). ***P , 0.001, significantly higher than controls.
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component in the signaling pathway that modulates
blood-brain barrier P-gp during and after seizures.

In accordance with our previous studies, the data
presented here demonstrate that inhibiting hmPGES-1
and EP-1 prevents SE-induced up-regulation of P-gp
expression and transport activity. These findings sup-
port our postulated signaling pathway (Fig. 8). Based on
our present and previously published data, we propose
that seizure-released glutamate signals through the
NMDAreceptor to activate cPLA2, leading to an increase
in production of AA, which is converted by COX-2–
mPGES-1 into PGE2. Increased PGE2 levels lead to ac-
tivation of the endothelial EP1 receptor, which results in
P-gp up-regulation (9, 12, 20). Although our present data
show that hmPGES-1 inhibition with BI1029539 abol-
ishes SE- and glutamate-induced up-regulation of P-gp
protein expression and transport function in brain
capillaries,we currently do not know if BI1029539 causes
pathway shift, i.e., reduces PGE2 synthesis or changes
levels of other prostanoids. It is possible that inhibition of
mPGES-1 leads to PGI2 production through PGI2
synthase.

Fifth, although mPGES-1 inhibition itself does not pre-
ventSEdevelopment, it is important todeterminemPGES-
1 inhibition efficacy with regard to reducing seizure
burden andASDdistribution in a chronic epilepsymodel.
Several studies have provided evidence that PGE2 main-
tains SE and plays a role in epilepsy (6–8, 10, 11, 15, 53).
Given that: 1) PGE2 levels are increased in SE, that2) PGE2
is involved in P-gp up-regulation after seizures, and that
3) PGE2 contributes to ictal activity and excitotoxicity,
mPGES-1 could be a promising target to reduce P-gp ex-
pression and transport activity levels, which would be
expected to lead to increased ASD brain levels, and thus
reduce seizure burden inASD-resistant epilepsy (9, 10, 20,
46, 47, 54).

Finally, in this study we demonstrate that inhibiting
hmPGES-1 with BI1029539 effectively prevents glutamate-
mediated inductionofP-gpproteinexpressionandtransport
activity in isolated mouse brain capillaries ex vivo and in
brain capillaries of a mouse SE model in vivo. Inhibiting
hmPGES-1 also prevented hmPGES-1 induction. Further
studies are necessary to determine if mPGES-1 inhibition
reduces PGE2 levels during SE and leads to increased ASD
brain levels. Although susceptibility to kainic acid–induced
SE was not reduced, mPGES-1 inhibition may still have a
therapeutic benefit on reducing seizure burden by reducing
blood-brain barrier P-gp expression and transport activity
levels and by preventing seizure-induced mPGES-1 up-
regulation. Further studies are required to determine if
mPGES-1 inhibition during or after SE will reduce ASD re-
sistance by improvingASDdelivery into the brain and thus

could potentially serve as a beneficial add-on treatment for
epilepsy pharmacotherapy.
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